Abstract: Eigenvalue, eigenvector and overlap matrix of nickel halide complex of N-allyl urea and N-allyl thiourea have been evaluated. Our results indicate that ligand field parameters (Dq, B' and β) evaluated earlier by electronic spectra are very close to values evaluated with the help of eigenvalues and eigenvectors.
Introduction
Nickel(II) halide complexes of N-allyl urea (NAU) and N-allyl thiourea (NATU) have been studied and their structures have been established with the help of infrared and electronic spectral studies and other physicochemical measurement. These studies have confirmed that both have octahedral structure and the ligand is coordinated to nickel through its oxygen in NAU 1, 2 and through its sulphur in NATU [3] [4] [5] . We have made molecular orbital calculations of the complexes and have evaluated eigenvalue, eigenvector and overlap matrix parameters. The results of these calculations have been correlated with the experimental results.
Experimental
The study materials of this paper are N-allyl urea and N-allyl thiourea complexes of nickel halides, NiX 2 .4NAU and Ni X 2 .4NATU (X = F, Cl, Br, I; NAU = N-allyl urea and NATU = N-allyl thiourea). The 3D modeling and geometry optimization 6, 7 of the complexes have been done by CAChe software using molecular mechanics method with EHT option [8] [9] [10] [11] .
The electronic spectra excitation energy of the complexes has been evaluated by adopting the same software but by DFT (B3LYP) method [12] [13] [14] [15] . Eigenvalues, eigenvectors have also been evaluated by the same software using the EHT option. The method adopted for various calculations is based on the principles described in our earlier paper 16 .
Results and Discussion
The molecular orbitals of the complex are formed by linear combination of 9 nickel orbitals, 4 orbitals from each halogen and 36 orbitals from each ligand of NAU in NiCl 2 .4NAU and 41 orbitals from each ligand of NATU in NiCl 2 .4NATU complexes.
In total, 161 atomic orbitals are involved in the formation of 161 molecular orbitals in NiCl 2 .4NAU and 181 atomic orbitals are involved in the formation of 181 molecular orbitals in NiCl 2 .4NATU. But here we discuss only 17 molecular orbitals of nickel halide, because we have to see the effect of complex formation on these orbitals. Molecular orbitals of ligands are kept out of discussion.
In order to examine the contribution of various atomic orbitals of nickel halides in the formation of molecular orbitals, the LCAO has been studied. The 17 atomic orbitals give LCAO approximation to the 17 molecular orbitals of nickel (II) halide. The various atomic orbitals are represented by χ and molecular orbitals by φ. The examination of various molecular orbitals (φ 1 -φ 17 ) and the coefficients of each atomic orbitals (χ 1 -χ 17 ) reveal interesting results, which are presented below. The coefficient values of χ however, decreases on complex formation. This decrease is due to the encroachment of the ligands in these orbitals. The extent of encroachment is maximum in sixth molecular orbital followed by seventh. The sequence is as follows:
In NiX 2 .4NAU 6 >7 > 4 > 5 > 8 > 3. In NiX 2 .4NATU 6 >7 > 4 > 8 > 5 > 3. φ 9 and φ 10 are nonbonding orbitals in nickel chloride. On complex formation, these orbitals do not remain nonbonding. φ 9 in the NAU complex are mainly occupied by 3dxy and 4px and in NATU complex by 3dxy and 4pz. φ 10 in nickel chloride is occupied by 3dx 2 -y 2 and 3dz 2 , which on complex formation is occupied by 3dx 2 -y 2 and 4dxz in NAU complex, and by 3dx 2 -y 2 and 4pz in NATU complex. φ 11 is mainly occupied by 3dxy and 3dxz in both the complexes. The coefficient of χ decreases from 0.7449 in chloride to 0.6496, 0.5134 in the complexes of NAU and NATU respectively. Molecular orbital (φ 12 -φ 17 ) are mainly occupied by npx, npy and npz orbitals of halogen in halides whereas in the complex they are occupied by 4s and 4px, 4py, 4pz orbitals of the nickel. From the observations as discussed above, it is prominently clear that all molecular orbital have contributions from many atomic orbitals.
In order to examine the extent of involvement of 3d, 4s and 4p orbitals of metal in the formation of molecular orbitals of the complexes the values of coefficients of these orbitals have been separately tabulated for each molecular orbital and are given in Table 1 . It shows that there is no nonbonding orbital in complex. All orbitals (five d-orbitals, one s-orbital and three p-orbitals) are taken into consideration. The coefficient value of each orbital has been added to see the total involvement in all the molecular orbitals (φ 1 -φ 15 In case of NiX 2 .4NATU, it is clearly indicated that the maximum involvement is of 4s orbitals. The involvement of 4p and 3d-orbital is almost similar but weak. In case of NiF 2 .4NATU, the value of coefficient is between 0.8813-1.9434, which is very low in comparison to s-orbital which is 2.6561.
In case of NiCl 2 .4NATU, the value of coefficient of 4s-orbital is 2.1162 which is very high in comparison to 4p and 3d-orbitals which is in the range 1.0599-1.9075. In case of NiBr 2 .4NATU, the involvement of s, p and d orbitals are almost the same. The value of coefficient is between 1.1787-2.2483.
In case of NiI 2 .4NATU, the maximum involvement is of 4s orbitals. The involvement of p and d-orbital is low. The value of coefficient is between 0.9727-2.0730 which is very low in comparison to s-orbital which is 2.1318.
The extent of involvement of various orbitals of nickel in the formation of molecular orbitals shows that s, p and d orbitals of nickel have contribution in the formation of molecular orbital in the complexes.
Population analysis
The overlap population analysis introduced by Mulliken has also been made for distinguishing bonding, nonbonding and antibonding molecular orbitals. This method allocates proportionally the overlap population n r-s for all possible pairs of basis functions which is shown by the equation-1. n r-s,i = n i ( 2c ri c si S rs ) (1) where, c ri = the coefficient of atomic orbitals for one atom. c si = the coefficient of atomic orbitals for other atom. and S rs = the overlap integral between the two AOs (one of an atom and one of other atom).
The number of electrons has been taken as two for φ 1 -φ 15 . With the help of the eigenvector and overlap integral values, the values of overlap population have been derived from the eq.(1) for the complexes NiX 2 .4NAU and NiX 2 .4NATU. The sum of the values of overlap population decides the nature of molecular orbital in a covalent molecule. If the sum is substantially positive the molecular orbital is bonding, if substantially negative the molecular orbital is antibonding and if near zero or zero the molecular orbital is nonbonding 17, 18 . The overlap population values shows that first seven molecular orbitals are bonding and the remaining orbitals are antibonding. There are no nonbonding orbitals.
Eigenvalues and orbital splitting
In case of nickel halide (NiF 2, NiCl 2 , NiBr 2 , NiI 2 ) the eigen values, eigenvector and electronic contribution (n r,i = n i c ri 2 ) are same in nonbonding molecular orbitals. The eigen values of the complexes (NiX 2 .4NAU and NiX 2 .4NATU) have also been evaluated and are presented in Table 2 . There are no values in these halides which are similar and can support a nonbonding nature of molecular orbitals. This observation further supports the absence of nonbonding orbital in the complexes. The main d orbitals which contribute in the formation of molecular orbital are also shown in the Table 2 . The difference in eigen values of e g and t 2g orbitals have been derived in order to obtain theoretical value of 10 Dq in these complexes.
In a text book all t 2g or e g orbitals are shown to be degenerate 19 , but our results indicate that they are not degenerate, and the d orbitals splitting diagram has to be shown as below. The difference in the highest and lowest eigenvalues of the orbitals of e g and t 2g of NiCl 2 .4NAU and NiCl 2 .4NATU complex has been chosen for deriving 10 Dq values. The concerned orbitals a re dxy from t 2g and dx 2 Table 2 . The calculated Dq values are close to experimental results and are within the range of Dq prescribed for octahedral structure. The eigenvalues of t 2 g and e g orbitals of the complexes are presented in Table 2 . 
Conclusion
The study of eigenvalues, eigenvector and population analysis as presented above have provided valuable information, which is presented below. . The precise study however shows that the two sets of d orbitals are not degenerated but they slightly differ in their energies. 8. The results of theoretical calculations favor bonding through oxygen in NAU and through sulphur in NATU complexes.
